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A B S T R A C T   

Despite the abundance of epidemiological evidence concerning the association between pesticide exposure and 
adverse health outcomes including acute childhood leukemia (AL), evidence remains inconclusive, and is 
inherently limited by heterogeneous exposure assessment and multiple statistical testing. We performed a 
literature search of peer-reviewed studies, published until January 2021, without language restrictions. Sum-
mary odds ratios (OR) and 95% confidence intervals (CI) were derived from stratified random-effects meta- 
analyses by type of exposure and outcome, exposed populations and window of exposure to address the large 
heterogeneity of existing literature. Heterogeneity and small-study effects were also assessed. We identified 55 
eligible studies (n = 48 case-control and n = 7 cohorts) from over 30 countries assessing >200 different ex-
posures of pesticides (n = 160,924 participants). The summary OR for maternal environmental exposure to 
pesticides (broad term) during pregnancy and AL was 1.88 (95%CI: 1.15–3.08), reaching 2.51 for acute 
lymphoblastic leukemia (ALL; 95%CI: 1.39–4.55). Analysis by pesticide subtype yielded an increased risk for 
maternal herbicide (OR: 1.41, 95%CI: 1.00–1.99) and insecticide (OR: 1.60, 95%CI: 1.11–2.29) exposure during 
pregnancy and AL without heterogeneity (p = 0.12–0.34). Meta-analyses of infant leukemia were only feasible 
for maternal exposure to pesticides during pregnancy. Higher magnitude risks were observed for maternal 
pesticide exposure and infant ALL (OR: 2.18, 95%CI: 1.44–3.29), and the highest for infant acute myeloid leu-
kemia (OR: 3.42, 95%CI: 1.98–5.91). Overall, the associations were stronger for maternal exposure during 
pregnancy compared to childhood exposure. For occupational or mixed exposures, parental, and specifically 
paternal, pesticide exposure was significantly associated with increased risk of AL (ORparental: 1.75, 95%CI: 
1.08–2.85; ORpaternal: 1.20, 95%CI: 1.07–1.35). The epidemiological evidence, supported by mechanistic studies, 
suggests that pesticide exposure, mainly during pregnancy, increases the risk of childhood leukemia, particularly 
among infants. Sufficiently powered studies using repeated biomarker analyses are needed to confirm whether 
there is public health merit in reducing prenatal pesticide exposure.   
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1. Introduction 

Acute leukemia (AL) is the most common type of childhood cancer 
(0–14 years) accounting for up to 40% of pediatric cancer cases (Noone 
et al., 2017). Though the disease is rare at population level with an 
annual incidence of approximately 39 cases per million children, a 
small, but steady increase in the incidence of AL has been reported over 
the past three decades (Noone et al., 1975–2015). Despite striking ad-
vances in disease survival, childhood AL remains the second leading 
cause of death worldwide following physical injury; childhood AL 
deaths are responsible for around 131,000 years of life lost (YLL) in the 
USA (Collaborators, 2019). Long-term AL survivors are likely to expe-
rience severe adverse health outcomes throughout their adulthood 
(Erdmann et al., 2019; Landier et al., 2015). In particular, it is estimated 
that 40% of adults older than 35 years who have been diagnosed with 
pediatric cancer will experience life-threatening complications with 
mortality rates up to five times higher compared to their healthy 
counterparts (Armenian and Robison, 2013). Thus, primary prevention 
of this disease remains an utmost priority (Metayer et al., 2016). 

Extensive research has focused on the multifactorial etiology of 
childhood AL involving an intricate interaction between a strong genetic 
component and many lifestyle influences (Buffler et al., 2005; Wiemels, 
2012). The increasing incidence of the disease could be attributed, 
among others, to environmental determinants. Emerging evidence sug-
gests that environmental contaminants may also play a crucial role. 
Pesticides represent an increasingly widespread environmental expo-
sure and some specific compounds have the potential to accumulate in 
human tissues. This is a concern especially in children whose enzymatic 
and metabolic systems limits their ability to detoxify and excrete pes-
ticides; in addition to this, the greater cellular division in children ren-
ders them more vulnerable to hazardous complications including acute 
toxic effects on their respiratory, gastrointestinal, nervous, and endo-
crine systems (Sheets, 2000; Infante-Rivard and Weichenthal, 2007). In 
recent years, there have been growing concerns about possible adverse 
health effects of low-level pesticide exposure during pregnancy or 
childhood generating a substantial number of epidemiologic studies 
(Panel on Plant Prote, 2017). Several of these studies have examined the 
association between environmental or occupational pesticide exposure 
and risk of childhood cancer, specifically focusing on leukemia (Infan-
te-Rivard and Weichenthal, 2007; Bailey et al., 2014; Bailey et al., 2015; 
Patel et al., 2020a; Zahm, 1999; Meinert et al., 2000). Various system-
atic reviews and meta-analyses have also studied the association be-
tween environmental or occupational pesticide exposure and childhood 
AL risk (Turner et al., 2010; Van Maele-Fabry et al., 2019; Van 
Maele-Fabry et al., 2010; Van Maele-Fabry et al., 2011; Chen et al., 
2015; Wigle et al., 2009). Overall, to-date evidence remains inconclu-
sive and is inherently limited by heterogeneous exposure and outcome 
assessment (type of pesticides, exposed individual, window of exposure, 
type of leukemia), which, by necessity, result in multiple statistical 
testing that increase the probability of chance findings (Turner et al., 
2010; Van Maele-Fabry et al., 2019; Metayer and Buffler, 2008). 

Acknowledging these inherent limitations, in the present study, we 
aimed to comprehensively and systematically appraise the currently 
available epidemiological evidence on the association of exposure to 
pesticides with different types of childhood AL, including acute 
lymphoblastic (ALL), acute myeloid (AML) and infant leukemia, with a 
special focus on the methodological issues of literature. 

2. Methods 

2.1. Data sources and search 

The present systematic review and meta-analysis adheres to the 
Preferred Reporting Items of Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines (Supplementary Table 1) (Welch et al., 2016). 

We searched for peer-reviewed original epidemiological research 

pertaining to pesticide exposure and risk of childhood AL. Our previous 
systematic literature search was conducted between January 1, 2006 
and July 5, 2019 for the European Food and Safety Authority (EFSA). In 
the present systematic review and meta-analysis, we updated the liter-
ature search without publication date restriction using the same search 
strategy and inclusion criteria. Two reviewers independently searched 
the MEDLINE and EMBASE databases; potential discrepancies were 
resolved by consensus. Screening was initially performed through a 
titles-first approach, followed by title and abstract screening (Mateen 
et al., 2013). Reference lists of all articles meeting the inclusion criteria 
and of relevant review articles were examined to identify studies that 
may have been missed by the initial database search. 

The literature search was limited to studies on humans, and no lan-
guage or other search restriction criteria were applied. For maximum 
sensitivity, we did not include any outcome-related search terms in the 
algorithm. The search algorithm focused on pesticide-related terms, 
identified through the MEDLINE MESH terms and EMBASE classification 
trees on pesticides. The following algorithm was thus developed: (pes-
ticid OR ’pesticide’/exp OR ’chemical pest control’/exp OR fungicid OR 
’fungicide’/exp OR herbicid OR ’herbicide’/exp OR insecticid OR 
’insecticide’/exp OR molluscacid OR ’molluscacide’/exp OR mollusci-
cid OR ’molluscicide’/exp OR rodenticid OR ’rodenticide’/exp OR car-
bamat OR ’carbamate’/exp OR pyrethroid* OR ’pyrethroid’/exp OR 
’chlorinated hydrocarbon’/exp OR ’agricultural chemical’/exp) NOT 
warfarin AND [humans]/lim. Last literature search was performed on 
January 7, 2021. 

2.2. Study selection 

Eligible publications were cohort, case-control and cross-sectional 
studies that examined maternal, paternal or parental exposure to pes-
ticides during specific windows of exposure (preconception, pregnancy 
or childhood) in relation to any type of childhood (0–14 years) AL. We 
searched for environmental (residential or household), occupational or 
joint exposures to any unspecified pesticide and pesticide subgroups 
(insecticides, herbicides, fungicides). The exposure assessment also 
covered biomarkers of pesticide exposure, self-reported frequency of 
pesticide use or other records documenting use or contact with these 
substances, if such an information was available. Reviews, case reports/ 
series and ecologic studies were excluded. In addition, we excluded 
studies or analyses examining environmental toxicants not strictly 
classified as pesticides, namely arsenic, a-, b-hexachlorocyclohexane 
(HCH), lead, dioxins (and dioxin-like compounds), polychlorinated bi-
phenyls (PCBs), and polychlorinated dibenzofurans (PCDFs). If a study 
evaluated a pesticide, but also some other toxicants not strictly classified 
as pesticides, we included only the analysis of the pesticide. Lastly, 
studies on acute pesticide poisoning and Agent Orange studies on very 
high exposure doses were also excluded. 

All eligible studies were assessed for overlap, based on geographic 
location, data sources, diagnostic period, age range and number of cases. 
Particularly, the case-control studies participating in the multicenter 
Childhood Leukemia International Consortium (CLIC) pooled analysis 
(Metayer et al., 2013a), as well as the cohort studies participating in the 
multicenter International Childhood Cancer Cohort Consortium (I4C) 
(Tikellis et al., 2018) were evaluated for overlapping populations with 
the remaining eligible studies. Whenever two or more articles studied 
the same population, the same pesticides and the same exposure period 
(complete overlap), the largest or most recent publication was included 
in the analysis. 

2.3. Data extraction and quality assessment 

Pairs of investigators independently performed the data extraction 
for each eligible study. Information was extracted on the name of first 
author; the journal and publication year; the study design; the type and 
name of pesticide(s) assessed; how exposure was assessed 
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(questionnaire/biomarker); the person (mother/father/both parents/ 
child) on which the exposure assessment was measured; the window of 
exposure (preconception/pregnancy/childhood); the outcome defini-
tion as reported in the study; the effect estimate and its uncertainty; the 
comparison level; origin of the population; total sample size and number 
of cases and controls. 

The data extraction database included study quality indicators, in 
particular, elements from the validated Item Bank for Assessment of Risk 
of Bias and Precision for Observational Studies of Interventions or Ex-
posures (RTI item bank, 2012) to evaluate the risk of bias and precision 
of the eligible studies included in the present systematic review (Vis-
wanathan and Berkman, 2012). 

2.4. Data synthesis and analysis 

The statistical analyses were stratified by the type of exposure 
(environmental, occupational or both), the exposed individual (mother/ 
father/both parents/child), window of exposure (at any time, precon-
ception, pregnancy and childhood) and type of leukemia (overall AL, 
ALL and AML). The main analyses focused on the association of child-
hood AL with exposure to unspecified pesticides, pesticide subgroups 
(herbicides, insecticides, fungicides, rodenticides) and any specific 

classes or biomarkers. 
We performed meta-analyses where data were available in more than 

two studies. When multiple exposure definitions on the same type of 
pesticides were presented in a study, the most inclusive definition of 
pesticide exposure was included in the analysis. Random-effects meta- 
analyses were used to combine the association estimates of eligible 
studies with the DerSimonian-Laird estimator for the between-study 
variance (τ2) and summary OR with corresponding 95% CI were 
calculated. We used the Cochran’s Q statistic to assess between-study 
heterogeneity and I (Noone et al., 1975–2015) (ranging from 0% to 
100%) as the percentage of total variation in effect estimates that is due 
to heterogeneity rather than sampling error (DerSimonian and Laird, 
1986) (Ioannidis, 2008; Ioannidis et al., 2007; Higgins and Thompson, 
2002; Higgins et al., 2003). Different exposure estimates were often used 
across the studies, such as binary categories (“any” versus “never” 
exposed or “high” versus “low” exposed), tertiles, quartiles or quintiles, 
whereas only a few studies evaluated the linear exposure to pesticides. 
Opting for comprehensiveness, we followed a categorical analytical 
approach using the “any versus never” exposure to pesticides. To enable 
a consistent and comparable approach, estimates on other than binary 
exposure contrasts (i.e. tertiles, quartiles, quintiles) were harmonized 
and adjusted to the desired binary categories using the method 

Fig. 1. Flow chart of the study selection process.  
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described by Hamling et al. (2008). 
Sensitivity analyses per AL subtype (infant AL, ALL and AML) were 

also performed. We assessed small study effects (an indication of pub-
lication bias) by visual inspection of funnel plots and by the Egger’s test 
in meta-analyses including at least 5 studies (Egger et al., 1997). 

All analyses were performed using the STATA Software (v13.0, Stata 
Corporation, College Station, TX, USA) and p-values ≤0.05 were 
deemed significant. 

3. Results 

3.1. Study characteristics and quality evaluation 

The initial literature search in MEDLINE and EMBASE databases 
retrieved 205,290 articles, of which 83 were evaluated for eligibility 
following the titles-first and title-and-abstract approaches as shown in 
the flow chart of the study selection process (Fig. 1). Twenty-seven 
publications (Noone et al., 1975–2015; Zahm, 1999; Alderton et al., 
2006; Canalle et al., 2004; Flower et al., 2004; Kaatsch et al., 1996; Kishi 
et al., 1993; Kristensen et al., 1996; Maskarinec, 2005; Monge et al., 
2004; Mulder et al., 1993; Mulder et al., 1994; Reynolds et al., 2005a; 
Reynolds et al., 2002; Safi, 2002; Schreinemachers et al., 1999; 
Schwartzbaum et al., 1991; Soldin et al., 2009; Thorpe and Shirmo-
hammadi, 2005; Urayama et al., 2007; Valcke et al., 2005; Wu et al., 
2003; Keegan et al., 2012; McKinney et al., 2003; Miligi et al., 2013; 
Bertazzi et al., 1999; Kaatsch et al., 1998; Ohlander et al., 2020) and a 
conference abstract were excluded due to specific reasons (Supple-
mentary Table 2). Among these studies, two were excluded due to 
duplicate data from the Northern California Childhood Leukemia Study 
(NCCLS) (Urayama et al., 2007) and a German case-control study 
(Kaatsch et al., 1998). Thus, 55 studies were deemed eligible, of which 
28 publications assessed environmental and 27 occupational or joint 
(occupational and environmental) exposures to pesticides in relation to 
childhood AL. 

Descriptive characteristics of the eligible studies are summarized in 
Supplementary table 3. The majority of studies (n = 48; 87.3%) were of 
case-control design12-14, 17, 63-106 yielding a total sample size of 169,227 
participants (34,477 cases/134,750 controls). In addition, there was 
also data from seven cohort studies (1502 total incident cases/8,656,628 
total cohort size) (Patel et al., 2020a; Cha et al., 2014; Fear et al., 1998; 
Feychting et al., 2001; Rodvall et al., 2003; Coste et al., 2020; Patel 
et al., 2020b). Of the 55 eligible studies, 22 were based in America (15 in 
North America and 7 in South America), 18 in Europe, 10 in Asia and 1 
in Antarctica region. In addition, four multicenter studies (two CLIC 
(Bailey et al., 2014; Bailey et al., 2015), one I4C (Patel et al., 2020a), and 
one multicenter study from Europe, South America, Africa and Asia 
(Alexander et al., 2001)) were retrieved. 

Overall, more than 200 different exposures of pesticides were stud-
ied. The prevalence of exposure varied widely among the eligible studies 
ranging approximately between 2% and 15%; higher prevalence rates 
were noted in studies assessing occupational exposures to pesticides 
(range: 33–48%; Supplementary table 3). Though the overwhelming 
majority of studies (n = 48) assessed exposure to pesticides (broad term) 
or pesticide subgroups (insecticides, herbicides, fungicides), some 
studies also attempted to collect information on specific classes of pes-
ticides or specific compounds. In addition, two studies assessed bio-
markers in urine or bone marrow reflecting internal exposure to specific 
substances (Zhang et al., 2015; Rau et al., 2012), while two others 
quantified biomarker levels by using dust samples reflecting external 
exposure (Metayer et al., 2013b; Ward et al., 2009). There were few data 
regarding frequency or duration of pesticide exposure, with most studies 
reporting only “any versus never” use of the pesticide of interest. Many 
studies assessed pesticide exposure separately for different windows of 
exposure: preconception, pregnancy and childhood, whereas the ma-
jority of analyses were adjusted for at least a range of sociodemographic 
and maternal characteristics. Overall, based on the RTI item bank, high 

quality was recorded in three eligible studies, whereas the remaining 
publications were assigned an intermediate quality rating (Supplemen-
tary Table 3). The quality of studies was mainly compromised by the 
partially robust assessment of exposure based on residential history, 
occupational history and self-administered or interview-based ques-
tionnaires, as well as the partially specific measurement of exposure 
based on broad categories of pesticides. 

3.2. Pesticide exposure at any time 

Twenty-one studies assessed the exposure to pesticides at any time 
during preconception, pregnancy or childhood in relation to childhood 
AL risk. The majority of these studies (n = 16; 76%) examined occu-
pational or both occupational and environmental exposures to pesti-
cides. Most studies assessed broad categories of pesticides, whereas two 
studies measured biomarkers of organochlorines (OC) and organo-
phosphate (OP) pesticides in dust and urine samples, respectively (Ward 
et al., 2009; Zhang et al., 2015). In total, 156 different analyses were 
undertaken yielding 44 statistically significant associations, mainly 
concerning any pesticide or broad categories of pesticides (herbicides, 
insecticides, fungicides, rodenticides) in relation to childhood AL. 

For environmental exposure to pesticides and AL risk, the meta- 
analyses showed mostly non-statistically significant associations (Sup-
plementary Table 4), except for the associations between maternal (sOR: 
1.94, 95% CI: 1.03–3.64; n = 2 studies; I (Noone et al., 1975–2015) =
88%) and parental (sOR: 2.25, 95% CI: 1.39–3.62; n = 2 studies; I 
(Noone et al., 1975–2015): 0%) environmental exposure to any pesticide 
and childhood AL risk. For occupational or mixed exposures, parental 
exposure to any unspecified pesticide was significantly associated with 
1.8-fold higher risk of childhood AL (sOR: 1.75, 95% CI: 1.08–2.85; n =
6 studies; Fig. 2a). Statistically significant between-study heterogeneity 
(I (Noone et al., 1975–2015): 78%, p < 0.0001) was observed, but no 
prominent small-study effects bias (Egger’s test p = 0.50; Supplementary 
Figure 1). Of note is that the significant association of occupational 
exposure to pesticides with AL risk was mainly confined to paternal 
occupational exposure (sOR: 1.20, 95% CI: 1.07–1.35; n = 5 studies; 
Fig. 2b) without significant heterogeneity (I (Noone et al., 1975–2015): 
6%, p = 0.37; Supplementary Table 4) rather than maternal exposure 
(Fig. 2c). 

3.3. Pesticide exposure during preconception 

Seventeen studies examined preconception as the time window of 
exposure. Of the 112 discrete analyses, 40 were statistically significant 
stemming from nine reports (Bailey et al., 2014; Bailey et al., 2015; 
Ferreira et al., 2013; Infante-Rivard and Sinnett, 1999; Monge et al., 
2007; Petridou, 2001; Rudant et al., 2007; Ma et al., 2002; Hernan-
dez-Morales et al., 2009b). One of these studies reported a statistically 
significant association between paternal occupational exposure to OP 
pesticides and childhood AL (OR: 1.50, 95% CI: 1.00–2.20) (Monge 
et al., 2007). The remaining eight studies assessed broader categories of 
pesticides and showed significant associations between occupational or 
environmental exposure to any pesticide or pesticide subgroups before 
pregnancy and childhood AL; yet, the results were of weak to modest 
effect. Both CLIC studies reported significant associations between un-
specified pesticide exposure before pregnancy and childhood AL risk. In 
particular, the first CLIC study showed a significantly higher risk for 
childhood ALL among children whose parents reported environmental 
exposure to insecticides/miticides (OR: 1.34, 95% CI: 1.19–1.51), her-
bicides (OR: 1.23, 95% CI: 1.04–1.45) and rodenticides (OR: 1.39, 95% 
CI: 1.10–1.76) 1–3 months before pregnancy (Bailey et al., 2015). In the 
second CLIC study, a statistically significant association was also found 
between paternal occupational exposure around conception and child-
hood ALL, and especially B-cell ALL (OR: 1.19, 95% CI: 1.03–1.37) based 
on 8169 cases and 14,201 controls (Bailey et al., 2014). 

Our quantitative synthesis showed a summary OR for maternal 
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environmental exposure to pesticides during preconception and AL of 
1.98 (95% CI: 1.46–2.70; n = 2 studies) without heterogeneity (I (Noone 
et al., 1975–2015): 0.0%, p = 0.33; Supplementary Table 4). The asso-
ciation was stronger for maternal occupational or mixed exposure and 
ALL risk (sOR: 2.52, 95% CI: 1.38–4.59). Non-significant associations 
were observed for specific pesticide subgroups (herbicides, insecticides 
or rodenticides) and AL risk during the preconception exposure window 
(Supplementary Table 4). 

3.4. Pesticide exposure during pregnancy 

Twenty-eight studies provided information on pesticide exposures 
during pregnancy. Around half of these studies (n = 15) examined 
environmental exposure, which was assessed through self-administered 
or interview-based questionnaires. The remaining studies examined 
occupational or mixed exposure to pesticides assessed through job 
exposure matrix (JEM) or occupational history. None of the 28 studies 
measured biomarkers of pesticide exposure in biological samples. The 
majority of studies (n = 20) focused on maternal exposure to pesticides, 
nine on paternal and seven on parental pesticide exposure. Overall, 367 
separate analyses were performed, of which 28% of the results (n = 103) 
were statistically significant. In particular, the first multicenter study 

from CLIC reported a statistically significant association between 
childhood AML and maternal occupational exposure to pesticides during 
pregnancy assessed through JEM (OR: 1.94, 95% CI: 1.19–3.18) (Bailey 
et al., 2014). The second CLIC study also showed a significantly 
increased risk for ALL among children whose parents reported house-
hold exposure to pesticides (OR: 1.43, 95% CI: 1.32–1.54), and espe-
cially insecticides/miticides (OR: 1.28, 95% CI: 1.18–1.38) and 
herbicides (OR: 1.34, 95% CI: 1.19–1.50) during the index pregnancy 
(Bailey et al., 2015). In addition, a study from Costa Rica showed a 
borderline significant association between paternal occupational expo-
sure to benzimidazoles and overall AL (OR: 2.20, 95% CI: 1.00–5.20) 
(Monge et al., 2007). The vast majority of statistically significant results 
(n = 56 out of 76) were reported from three studies only, the French 
ESCALE case-control study (Rudant et al., 2007), the Multi-institutional 
Brazilian Study of Infant Leukemia (Ferreira et al., 2013) and the one 
CLIC multicenter study (Bailey et al., 2015). In particular, in the ESCALE 
study insecticide use during pregnancy was significantly associated with 
childhood AL (OR: 2.10, 95% CI: 1.70–2.50), whereas paternal house-
hold use of pesticides was also related to AL (OR: 1.50, 95% CI: 
1.20–1.80) in this study. On the other hand, the recent multicenter study 
from I4C showed non-significant associations between paternal occu-
pational exposure to any pesticide or pesticide subgroups during 

Fig. 2. Forest plot for the association between (a) parental, (b) paternal and (c) maternal occupational exposure to pesticides at any time during preconception, 
pregnancy or childhood and risk of childhood acute leukemia. 
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pregnancy and childhood AL risk (Patel et al., 2020a). Of note is the 
borderline significant association of herbicides (HR: 3.22, 95% CI: 
0.97–10.68) and insecticides (HR: 2.86, 95% CI: 0.99–8.23) with AML 
risk in this study. 

The quantitative synthesis showed a statistically significant associ-
ation of maternal environmental exposure to pesticides with AL (sOR: 
1.88, 95% CI: 1.15–3.08; n = 6 studies; I (Noone et al., 1975–2015) =
51.3%; Fig. 3a), especially ALL risk (sOR: 2.51, 95% CI: 1.39–4.55; n = 3 
studies; I (Noone et al., 1975–2015) = 0.0%; Supplementary Table 4). 
No prominent small-study effect was observed (Egger’s test p = 0.81; 
Supplementary Figure 2). The meta-analysis further showed statistically 
significant associations of herbicide (sOR: 1.41, 95% CI: 1.00–1.99) and 
insecticide (sOR: 1.60, 95% CI: 1.11–2.29) exposure with AL risk 

without significant between-study heterogeneity (p = 0.12–0.34). 
Among occupational exposures, maternal exposure to pesticides (sOR: 
2.08, 95% CI: 1.69–2.56; Fig. 3b), and especially insecticides (sOR: 2.08, 
95% CI: 1.73–2.49), during pregnancy was also associated with signif-
icantly higher risk of childhood AL. Meta-analyses restricted to infant 
AL, ALL and AML were only feasible for maternal exposure to pesticides 
during pregnancy. Of note is the high magnitude risk observed for infant 
ALL (sOR: 2.18, 95% CI: 1.44–3.29) and the even highest for infant AML 
(sOR: 3.42, 95% CI: 1.98–5.91) in relation to maternal pesticide expo-
sure during pregnancy (Supplementary Table 5), without between-study 
heterogeneity (p = 0.27–0.81). 

Fig. 3. Forest plot for the association between (a) maternal environmental and (b) maternal occupational exposure to pesticides during pregnancy and risk of 
childhood acute leukemia. 

Fig. 4. Forest plot for the association between exposure to pesticides during childhood and risk of childhood acute leukemia.  

M.A. Karalexi et al.                                                                                                                                                                                                                            



Environmental Pollution 285 (2021) 117376

7

3.5. Pesticide exposure during childhood 

Twenty-nine studies with information on pesticide exposure during 
childhood were identified. Five studies examined exposure to pesticides 
during infancy (Ferreira et al., 2013; Monge et al., 2007; Bailey et al., 
2011; Ma et al., 2002; Rull et al., 2009b), whereas the remaining studies 
assessed exposure across variable periods during childhood. The ma-
jority of identified studies (n = 15) examined exposure of children to 
pesticides, whereas the remaining studies assessed maternal, paternal or 
parental pesticide exposure during childhood in relation to the devel-
opment of AL in the index child. Seventeen studies concentrated on 
environmental exposure to pesticides, whereas one study examined 
endosulfan, which is no longer in use (Rau et al., 2012). Of the 188 
different analyses performed, 59 results were statistically significant 
concerning herbicides, insecticides and fungicides in relation to child-
hood AL; yet, the magnitude of the effect ranged between 1.00 and 1.60 
in the majority of statistically significant associations (data not shown in 
Tables). 

The summary OR between childhood exposure to any pesticides and 
AL risk was 1.82 (95% CI: 1.07–3.11) based on five studies (Fig. 4). Of 
note is the significant association of insecticide exposure with ALL (sOR: 
1.48, 95% CI: 1.17–1.86; n = 2 studies) without significant between- 
study heterogeneity (p = 0.57; Supplementary Table 4). Overall, the 
meta-analysis provided some evidence for an association between 
childhood exposure to pesticides and AL, but this was in general weaker 
than the exposure during pregnancy. 

3.6. Compound-specific pesticide exposures 

Seven studies, 4 based in the USA (Metayer et al., 2013b; Ward et al., 
2009; Reynolds et al., 2005b; Park et al., 2020), 1 in Denmark (Patel 
et al., 2020b), 1 in Costa Rica (Monge et al., 2007) and 1 in Brazil 
(Ferreira et al., 2013) examined compound-specific pesticide exposures 
in relation to childhood AL yielding 222 different associations (Sup-
plementary Table 6). Only 37 of the 222 associations were statistically 
significant stemming from four studies (Ferreira et al., 2013; Reynolds 
et al., 2005b; Park et al., 2020; Patel et al., 2020b) and were confined 
mainly to maternal exposure during pregnancy. In particular, the Bra-
zilian Multi-institutional Study of Infant Leukemia reported overall 23 
associations for compound-specific exposures, and showed a signifi-
cantly higher risk of childhood ALL related to maternal exposure during 
pregnancy to permethrin (OR: 2.47, 95% CI: 1.17–5.25), imiprothrin 
(OR: 2.61, 95% CI: 1.06–6.93) and esbiothrin (OR: 3.03, 95% CI: 
1.13–8.09), all of them being type I pyrethroid insecticides (Ferreira 
et al., 2013). Likewise, statistically significant results were also reported 
for childhood AML in relation to maternal exposure during pregnancy to 
prallethin (OR: 8.06, 95% CI: 1.17–55.65), permethrin (OR: 7.28, 95% 
CI: 2.60–20.38), esbiothrin (OR: 3.71, 95% CI: 1.18–11.62), d-pheno-
thrin (OR: 8.43, 95% CI: 1.59–44.75) and d-allethrin (OR: 6.19, 95% CI: 
2.07–18.56) in the same study. By contrast, the association of maternal 
exposure to imiprothrin with AML showed a trend towards statistical 
significance (OR: 3.41, 95% CI: 0.98–11.9). These results were, in gen-
eral, of large effect size, but merit cautious interpretation as they stem 
from a single study group without appropriate adjustment for multiple 
testing (Ferreira et al., 2013). In a USA case-control study by Reynolds 
et al. (1990–1997; N = 2189 cases and N = 4335 controls), maternal 
exposure during pregnancy to the dithiocarbamate, metam sodium (OR: 
2.05, 95% CI: 1.01–4.17) and to the organochlorine miticide, dicofol 
(OR: 1.83, 95% CI: 1.05–3.22) were both associated with statistically 
significantly higher risk of childhood AL (Reynolds et al., 2005b). A 
borderline significant association between childhood exposure to ala-
chlor/chlorthal and ALL risk (OR: 2.56, 95% CI: 0.99–6.63) was re-
ported in the second USA case-control study by Metayer et al. 
(2001–2007; N = 269 cases and N = 333 controls) (Metayer et al., 
2013b). By contrast, non-statistically significant results were shown for 
paternal exposure to cooper and risk of childhood AL (Monge et al., 

2007). A recent USA publication (Park et al., 2020) studied the associ-
ation between environmental exposure to different classes of pesticides 
during pregnancy, assessed through residential history, and childhood 
AL risk reporting 160 different associations, of which 24 were statisti-
cally significant and mainly confined to ALL risk. Lastly, another recent 
study in Denmark (Patel et al., 2020b) assessed the association of 
maternal occupational exposure to specific pesticides during pregnancy 
with AL reporting 30 different associations. Three of the 30 associations 
were statistically significant yielding an increased risk, by 2.5–2.9 times, 
for AL in relation to the herbicides prosulfocarb (OR: 2.90, 95% CI: 
1.30–6.10), thifensulfuron-methyl (OR: 2.70, 95% CI: 1.20–5.90) and 
bentazone (OR: 2.50, 95% CI: 1.10–5.30). Overall, the large heteroge-
neity in the type of exposure, exposure window, exposed subject (par-
ents or child) and type of outcome resulted in a small number of 
identified studies per exposure (n = 1) which did not fulfill the criterion 
for quantitative synthesis of the compound-specific pesticide exposures. 

4. Discussion 

4.1. Principal findings 

To our knowledge, this is the largest comprehensive systematic re-
view and meta-analysis including all types of pesticide exposures and all 
types of childhood leukemia. Despite the large volume of available ev-
idence stemming from 52 studies, a combined quantitative synthesis of 
all eligible studies was not feasible owing to the large variability in 
definitions of pesticide exposure, outcomes and windows of exposure 
(preconception, pregnancy or postnatal). Acknowledging this variability 
in study design, we followed a more stringent methodological approach 
based on stratified meta-analyses, which minimized the between-study 
heterogeneity in the majority of our analyses. Overall, the findings of 
our meta-analysis lend support to the hypothesis that environmental 
long-term exposure to pesticides increases the risk of childhood AL by 
approximately 1.5–2 times. Based on the evidence provided herein, the 
association was stronger for exposure during pregnancy compared to 
childhood exposure, and was, as expected, mainly confined to maternal 
rather than paternal exposure, as well as to infant than overall childhood 
leukemia. Among specific pesticide subtypes, insecticides and herbicides 
were both associated with significantly higher risk of childhood AL, and 
especially ALL. No prominent small study effect was found in most 
analyses. 

4.2. Comparison with previous literature 

The results of the present systematic review, including a larger 
number of identified publications up to 2020, are in general congruent 
with previous systematic reviews and meta-analyses. A direct compari-
son with these studies is not feasible due to different methodological 
approaches of reviewing published literature including different search 
strategy and eligibility criteria. Previous meta-analyses most frequently 
examined exposure to pesticides during pregnancy or childhood, and 
they focused either on environmental or on occupational exposure in 
relation to childhood AL (Bailey et al., 2014; Bailey et al., 2015; Turner 
et al., 2010; Van Maele-Fabry et al., 2019; Van Maele-Fabry et al., 2010; 
Van Maele-Fabry et al., 2011; Chen et al., 2015; Wigle et al., 2009). 
Consistently with our study, the most recent meta-analysis (n = 15 
studies) reported a statistically significant association between envi-
ronmental pesticide exposure and childhood AL (pooled OR: 1.57, 95% 
CI: 1.27–1.95) without evidence of publication bias; the highest risks 
were found for AML among children younger than 2 years (Van 
Maele-Fabry et al., 2019). Older meta-analyses including studies pub-
lished up to 2009 also reported significant associations of environmental 
and especially indoor exposure to pesticides, insecticides and herbicides 
during pregnancy with childhood AL risk (Turner et al., 2010; Van 
Maele-Fabry et al., 2011). 
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4.3. Biological plausibility of associations 

The majority of childhood leukemia cases (around 90%) have an 
unclear etiology (Wiemels, 2012; Greaves, 2006); however, it is widely 
recognized that this disease has a multifactorial causal mechanism and 
that the timing of environmental exposures and genetic changes must be 
considered (Buffler et al., 2005). Over the last decades, the occurrence of 
leukemia in children has shown a rise that can be partially attributed to 
the increased exposure to different chemical risk factors (e.g. occupa-
tional exposures, air pollution, pesticides, solvents, dietary factors etc.) 
(Wiemels, 2012). Consistently with previous research, the present study 
has shown a possible link between childhood leukemia and environ-
mental or occupational exposure to pesticides during preconception, 
pregnancy or early childhood. Despite the sound epidemiological evi-
dence linking pesticide exposure during the aforementioned different 
reproductive stages with childhood leukemia, robust underlying path-
ological mechanisms still remain unknown; in particular, the first 
initiating molecular event has not yet been identified (Panel on Plant 
Prote, 2017; Hernandez and Menendez, 2016). 

Most of the available evidence does not make a distinction between 
infant and childhood leukemia. The present study considered them 
separately and found significant associations of both entities with 
pesticide exposure. Childhood leukemia is a biologically heterogeneous 
disease of immature hematopoietic progenitors that consists of multiple 
subtypes depending on the cell type and lineage involved (lymphoid or 
myeloid progenitors) (Panel on Plant Prote, 2017). By contrast, infant 
leukemia is a rarer disease that manifests soon after birth (in the first 
year of life) and originates from a single, severe hit to fetal hemato-
poietic stem and progenitor cells (HSPC) during a critical developmental 
window of vulnerability (Greaves, 2015; Sanjuan-Pla et al., 2015). 
Hence, infant leukemia is considered an intrauterine developmental 
disease involving more immature precursors and eliciting different 
features and pathogenesis than the more frequent childhood leukemia 
(Ross et al., 1996). 

For infant leukemia, a number of chemicals, particularly bio-
flavonoids, chemotherapy agents (etoposide, doxorubicin and epi-
rubicin) and the pesticide chlorpyrifos can target HSPCs in the fetal liver 
where they inhibit topoisomerase II, and subsequently can produce DNA 
double-strand breaks (Supplementary Figure 3) (Panel on Plant Prote, 
2017; Ross et al., 1996; Lanoue et al., 2010). If these lesions are not 
properly repaired, they can eventually result in rearrangement of the 
mixed lineage leukemia (MLL) gene that makes HSPCs more vulnerable 
to further acquisition of secondary genetic changes following continued 
chemical-induced genotoxic insults in utero (https://aopwiki.org 
/aops/202) (Hernandez and Menendez, 2016; Greaves, 2015; San-
juan-Pla et al., 2015; Pelkonen et al., 2017). By contrast, childhood 
leukemia may be the consequence of a two-hit model producing two 
independent (epi)genetic insults, the first one occurring in utero and the 
second one more often after birth (Cernaro et al., 2015; Kim et al., 2017; 
Perez-Perez et al., 2019). This difference in the biological initiating 
mechanisms of childhood and infant leukemia may explain the higher 
risk of infant leukemia related to pesticide exposure found in the present 
study. Specifically, in childhood leukemia, early in utero exposure to 
pesticides may result in oxidative stress, either directly by excessive 
generation of oxidative free radicals or indirectly by inhibition of anti-
oxidant enzymes, leading to DNA single- and double-strand breaks in 
fetal HSPCs at specific cleavage sites (Carbone et al., 2018). If 
non-repaired or mis-repaired by non-homologous end-joining, these 
DNA lesions have the potential to form leukemia-causing chromosome 
rearrangements (duplications, deletions and translocations) (Deweese 
and Osheroff, 2009; Jan and Majeti, 2013). It is worth noting that the 
greater sensitivity of HSPCs to genotoxic insult during development can 
be due to a high content of topoisomerase II, a higher proliferation rate, 
and a lower ability of DNA repair of these cells (Panel on Plant Prote, 
2017; Greaves and Wiemels, 2003; Swaminathan et al., 2015). Overall, a 
common initiating pathogenic event that represents a hallmark for both 

infant and childhood leukemia is the occurrence of chromosomal 
translocations that create fusion genes encoding chimeric fusion pro-
teins (i.e., transcriptional factors) involved in the regulation of early 
hematopoiesis (Hernandez and Menendez, 2016; Bernat et al., 2018; 
Lerro et al., 2020). 

Beyond these changes, recent studies have also focused on the effect 
of pesticide exposure on epigenetic reprogramming during critical 
windows of susceptibility, especially during pregnancy (Hernandez and 
Menendez, 2016; Chappell et al., 2016; Godschalk et al., 2020; Hum-
phrey et al., 2019; Gorokhova et al., 2020). Emerging data provide ev-
idence that persistent or repeated background exposure to pesticides 
during pregnancy may result in detrimental alterations to the epi-
genome and gene expression profile of stem cells, positioning these cells 
for malignant transformation and the development of childhood AL 
(Chappell et al., 2016; Dik et al., 2012). An example of such an exposure 
are the organochlorines (OC), a class of pesticides characterized by low 
water solubility, highly lipophilic nature and the capability of bio-
accumulation (Rull et al., 2009a). Especially OC insecticides have been 
shown to induce epigenetic changes including disruption of DNA 
methylation and hypomethylation, changes to covalent histone alter-
ations and associated chromatin remodeling, as well as non-coding RNA 
mediated regulation of gene expression (Humphrey et al., 2019; Shutoh 
et al., 2009; Wu et al., 2019). In the present study, the significant as-
sociation between insecticide exposure during pregnancy and childhood 
AL might be mediated by the aforementioned pathogenic mechanisms. 
Future research is needed to confirm these epidemiologic findings, 
focusing specifically on the role of OC insecticides. Unfortunately, in our 
study only one study examining OC insecticides in relation to childhood 
AL was identified, which yielded statistically significant results (Ferreira 
et al., 2013); thus, a quantitative synthesis to summarize the evidence 
concerning OC insecticides was not feasible at this stage. 

Although pesticides are regulated products subject to an extensive 
toxicological evaluation before being approved for use in agriculture, 
current regulatory guideline studies have potential limitations. In 
particular, the possible higher sensitivity of the HSPCs is not considered 
by the genotoxicity assays, and the usual treatment does not cover the 
early in utero development phase in the carcinogenicity assay (Panel on 
Plant Prote, 2017). 

4.4. Critical appraisal: strengths and limitations 

The present study acknowledges that the systematic review of 
environmental epidemiology, especially on pesticides, is a rather chal-
lenging field of research mainly due to the large heterogeneity of 
available evidence and several inherent limitations of the individual 
studies. The assessment of exposure is perhaps the most important 
methodological limitation of the studies. Despite the wide range of 
categories of pesticides studied, eligible studies mostly concentrated on 
a broadly defined pesticide category. Pesticides is a heterogeneous 
group of very different active chemical ingredients, even within their 
broad application group of insecticides, herbicides, fungicides, and 
others; few studies had information on specific pesticides and in the 
majority of studies, they were simply lumped together, mixing poten-
tially chemicals of no effects to rather significant effects (Brouwer et al., 
2016). Thus, in terms of risk characterization, the existing framework 
around risk assessment of pesticides, including both the lack of studies 
on compound-specific pesticides and the weaknesses in exposure 
assessment, has made it difficult to use epidemiological evidence when 
evaluating individual substances. Moreover, due to the large heteroge-
neity in exposure assessment, we aimed to separate by specific exposure 
groups, exposed populations and periods of exposure, which resulted in 
a small, by necessity, number of eligible studies included in each 
meta-analysis (n ≥ 2). However, despite the lack of clarity in terms of 
exposure to specific substances and uncertainties on actual level of 
exposure, overall evidence suggests that there is a potential hazard. 
Though studies with more robust exposure assessment would be helpful, 
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the non-persistent nature of most pesticides and the use of multiple 
substances applied for crop protection makes it impossible to disen-
tangle independent effects as can be done under laboratory conditions in 
animals. Such integrating existing evidence will not be fully solved by 
having better exposure data as co-exposures cannot be fully accounted 
for in observational setting. Some adaptation of existing risk assessment 
paradigms may also be needed. 

Among other limitations, certain studies examined pesticides that 
have already been banned in western populations and the European 
Union. In addition, the measurement of biomarker levels as means of 
exposure assessment was available only in four studies. Owing to the 
rarity of childhood leukemia, cohort studies represented a minority of 
this literature with case-control studies accounting for the over-
whelming majority of available evidence. Case-control evidence is prone 
to selection bias and is less robust to provide support to the causality of 
associations. There were few data regarding frequency or duration of 
pesticide exposure, with most studies based on self-reported exposure to 
pesticides, defined as “any versus never” use. However, such methods 
are prone to misclassification bias; especially in the case of retrospective 
studies, misclassification might be differential with higher exposures 
reported in participants with disease (recall bias). Schüz et al. investi-
gated the potential impact of recall bias in the German case-control 
study, suggesting an inflation of the observed association was likely, 
but could not explain the positive association in its entirety (Schuz et al., 
2003). Above all, self-reported exposure to pesticides based on ques-
tionnaires might allow the differentiation of subjects with very high and 
very low exposure levels, but it is not capable of valid exposure classi-
fication across an exposure gradient thus not allowing the study of 
dose-response relationships. Furthermore, the accuracy of exposure 
might be high for broad categories of pesticides and for commonly used 
pesticides, but not for specific pesticides. In addition, the statistical 
power of the Cochran’s Q test for the assessment of heterogeneity was 
limited because of the small number of included studies. Concurrent 
exposure to multiple agents is also common, and it could thus introduce 
further bias in the results. For example, occupational exposure to pes-
ticides might coexist with exposure to benzene, heavy metals, solvents, 
and suspended particulate matter, all of which have been associated 
with adverse health outcomes. It is essential to account for confounding 
from potential co-exposure to multiple agents in order to delineate un-
biased associations, but this has not been possible in the overwhelming 
majority of evidence assessed herein. Lastly, the high possibility for 
selective reporting and multiple testing should be acknowledged when 
interpreting the results of the present meta-analysis. Indeed, the indi-
vidual studies reported a very wide range of analyses yielding an 
enormous amount of multiple hypothesis testing without appropriate 
adjustment, and thus resulting in a high probability of high false positive 
rate; even when studies presented only one analysis, selective reporting 
is always a possibility. 

Nonetheless, beyond these limitations, the present study systemati-
cally reviewed all available evidence and quantified the risk of child-
hood AL for exposure to any pesticide and for exposure to major 
pesticide subgroups. Substantiation and generalization of the results was 
achieved by including more than 160,000 participants from over 30 
countries. To minimize between-study heterogeneity and given the 
potentially different impact of pesticide exposure on childhood AL, we 
performed stratified meta-analyses by window of exposure, exposed 
individual and type of exposure. Owing to the different immunophe-
notypes of childhood AL, we also performed separate analyses by major 
leukemia types (ALL and AML). In addition, we run subgroup meta- 
analyses by age group to explore the potentially different effect of 
pesticide exposure on the risk of infant leukemia, which constitutes a 
distinct leukemia entity (Schwaller, 2019). Unfortunately, only one 
study (Bailey et al., 2014) had information on ALL subtypes, namely 
B-cell and T-cell ALL; thus, further sub-analyses by ALL subtype were not 
feasible at this stage. Heterogeneity was minimal in most meta-analyses, 
whereas no publication bias was evident in the majority of analyses. 

4.5. Conclusions 

In the present systematic review and meta-analysis, we aimed to 
assess all types of pesticides in relation to childhood AL. However, our 
exhaustive search strategy showed that mostly unspecified pesticides or 
broad categories of pesticides have been studied to date. Evidence on 
specific classes of pesticides or biomonitoring data in biological samples 
is still limited and should be further addressed by future better- 
implemented studies. Beyond the inherent limitations and biases that 
may affect the summary effect estimates, the findings of the present 
meta-analysis provide some evidence that low-dose long-term exposure 
to pesticides, mainly during pregnancy, increases the risk of childhood 
AL, especially among infants, supporting the still harmful role of pesti-
cides. Further evidence from sufficiently powered studies that can 
characterize exposure to individual substances using repeated 
biomarker analyses or combination of biomarker analyses and other 
exposure matrices is needed to confirm whether there is public health 
merit in reducing prenatal exposure to pesticides as concerns childhood 
leukemia. Moreover, mechanistic studies are deemed necessary to shed 
light into potentially relevant molecular pathways that underlie these 
associations, if replicated in future research. 
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https://doi.org/10.1055/s-2008-1043877. 

Keegan, T.J., Bunch, K.J., Vincent, T.J., et al., Oct 23 2012. Case-control study of 
paternal occupation and childhood leukaemia in Great Britain, 1962-2006. Br. J. 
Canc. 107 (9), 1652–1659. https://doi.org/10.1038/bjc.2012.359. 

Kim, D., Kim, H., Kim, K., Roh, S., 2017. The protective effect of indole-3-acetic acid 
(IAA) on H2O2-damaged human dental pulp stem cells is mediated by the AKT 
pathway and involves increased expression of the transcription factor nuclear factor- 
erythroid 2-related factor 2 (Nrf2) and its downstream target heme oxygenase 1 
(HO-1). Oxid Med Cell Longev 2017, 8639485. https://doi.org/10.1155/2017/ 
8639485. 

Kishi, R., Katakura, Y., Yuasa, J., Miyake, H., 1993. [Association of parents’ occupational 
exposure to cancer in children. A case-control study of acute lymphoblastic 
leukemia]. Sangyo Igaku. Nov 35 (6), 515–529. https://doi.org/10.1539/ 
joh1959.35.515. 

Kristensen, P., Andersen, A., Irgens, L.M., Bye, A.S., Sundheim, L., 1996. Cancer in 
offspring of parents engaged in agricultural activities in Norway: incidence and risk 
factors in the farm environment. Int J Cancer. Jan 3 65 (1), 39–50. https://doi.org/ 
10.1002/(SICI)1097-0215(19960103)65:1<39::AID-IJC8>3.0.CO;2-2. 

Landier, W., Armenian, S., Bhatia, S., 2015. Late effects of childhood cancer and its 
treatment. Pediatr Clin North Am. Feb 62 (1), 275–300. https://doi.org/10.1016/j. 
pcl.2014.09.017. 

Lanoue, L., Green, K.K., Kwik-Uribe, C., Keen, C.L., 2010. Dietary factors and the risk for 
acute infant leukemia: evaluating the effects of cocoa-derived flavanols on DNA 

M.A. Karalexi et al.                                                                                                                                                                                                                            

https://doi.org/10.1093/aje/kwj203
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref2
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref2
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref2
https://doi.org/10.1097/MOP.0b013e32835b0b6a
https://doi.org/10.1097/MOP.0b013e32835b0b6a
https://doi.org/10.1002/ijc.25769
https://doi.org/10.1002/ijc.28854
https://doi.org/10.1002/ijc.29631
https://doi.org/10.1002/ijc.29631
https://doi.org/10.1371/journal.pone.0199677
https://doi.org/10.1038/sj.leu.2401290
https://doi.org/10.1136/oemed-2015-103319
https://doi.org/10.1136/oemed-2015-103319
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref11
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref11
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref11
https://doi.org/10.1002/em.20003
https://doi.org/10.1038/s41418-018-0213-5
https://doi.org/10.3109/0886022X.2015.1015683
https://doi.org/10.1016/j.canep.2014.05.003
https://doi.org/10.1016/j.mrrev.2016.03.004
https://doi.org/10.1016/j.mrrev.2016.03.004
https://doi.org/10.1542/peds.2015-0006
https://doi.org/10.1016/S1470-2045(19)30339-0
https://doi.org/10.1186/s12885-020-07319-w
https://doi.org/10.1186/s12885-020-07319-w
https://doi.org/10.1016/0197-2456(86)90046-2
https://doi.org/10.1093/nar/gkn937
https://doi.org/10.1093/nar/gkn937
https://doi.org/10.3109/10408444.2012.684146
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.3389/fpubh.2019.00084
https://doi.org/10.1038/bjc.1998.134
https://doi.org/10.1038/bjc.1998.134
https://doi.org/10.1289/ehp.1103942
https://doi.org/10.1289/ehp.01109193
https://doi.org/10.1289/ehp.6586
https://doi.org/10.1002/em.22347
https://doi.org/10.1038/s41598-020-57465-1
https://doi.org/10.1038/nrc1816
https://doi.org/10.1016/j.ccell.2015.03.016
https://doi.org/10.1038/nrc1164
https://doi.org/10.1002/sim.3013
https://doi.org/10.3390/ijms17040461
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref45
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref45
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref45
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref45
https://doi.org/10.1002/sim.1186
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1016/j.semcancer.2018.11.002
https://doi.org/10.1016/j.semcancer.2018.11.002
https://doi.org/10.1016/S0140-6736(05)70586-9
https://doi.org/10.1080/10937400601034589
https://doi.org/10.1111/j.1365-2753.2008.00986.x
https://doi.org/10.1111/j.1365-2753.2008.00986.x
https://doi.org/10.1136/bmj.39343.408449.80
https://doi.org/10.1136/bmj.39343.408449.80
https://doi.org/10.1038/onc.2012.48
https://doi.org/10.1055/s-2008-1046470
https://doi.org/10.1055/s-2008-1046470
https://doi.org/10.1055/s-2008-1043877
https://doi.org/10.1038/bjc.2012.359
https://doi.org/10.1155/2017/8639485
https://doi.org/10.1155/2017/8639485
https://doi.org/10.1539/joh1959.35.515
https://doi.org/10.1539/joh1959.35.515
https://doi.org/10.1002/(SICI)1097-0215(19960103)65:1<39::AID-IJC8>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-0215(19960103)65:1<39::AID-IJC8>3.0.CO;2-2
https://doi.org/10.1016/j.pcl.2014.09.017
https://doi.org/10.1016/j.pcl.2014.09.017


Environmental Pollution 285 (2021) 117376

11

topoisomerase activity. Exp Biol Med (Maywood). Jan 235 (1), 77–89. https://doi. 
org/10.1258/ebm.2009.009184. 

Lerro, C.C., Andreotti, G., Wong, J.Y., Blair, A., Rothman, N., Beane Freeman, L.E., 2020. 
2,4-D exposure and urinary markers of oxidative DNA damage and lipid 
peroxidation: a longitudinal study. Occup Environ Med. Apr 77 (4), 276–280. https:// 
doi.org/10.1136/oemed-2019-106267. 

Ma, X., Buffler, P.A., Gunier, R.B., et al., 2002. Critical windows of exposure to household 
pesticides and risk of childhood leukemia. Environ. Health Perspect. Suppl. 110 (9), 
955–960. https://doi.org/10.1289/ehp.02110955. 

Maskarinec, G., 2005. Mortality and cancer incidence among children and adolescents in 
Hawaii 20 years after a heptachlor contamination episode. J. Environ. Pathol. 
Toxicol. Oncol. 24 (4), 235–249. https://doi.org/10.1615/ 
jenvironpatholtoxicoloncol.v24.i4.10. 

Mateen, F.J., Oh, J., Tergas, A.I., Bhayani, N.H., Kamdar, B.B., 2013. Titles versus titles 
and abstracts for initial screening of articles for systematic reviews. Clin. Epidemiol. 
5, 89–95. https://doi.org/10.2147/CLEP.S43118. 

McKinney, P.A., Fear, N.T., Stockton, D., Investigators, U.K.C.C.S., Dec 2003. Parental 
occupation at periconception: findings from the United Kingdom childhood cancer 
study. Occup. Environ. Med. 60 (12), 901–909. https://doi.org/10.1136/ 
oem.60.12.901. 

Meinert, R., Schuz, J., Kaletsch, U., Kaatsch, P., Michaelis, J., Apr 1 2000. Leukemia and 
non-Hodgkin’s lymphoma in childhood and exposure to pesticides: results of a 
register-based case-control study in Germany. Am. J. Epidemiol. 151 (7), 639–646. 
https://doi.org/10.1093/oxfordjournals.aje.a010256 discussion 647-50.  

Metayer, C., Buffler, P.A., 2008. Residential exposures to pesticides and childhood 
leukaemia. Radiat. Protect. Dosim. 132 (2), 212–219. https://doi.org/10.1093/rpd/ 
ncn266. 

Metayer, C., Milne, E., Clavel, J., et al., 2013a. The childhood leukemia international 
consortium. Cancer Epidemiol. Jun 37 (3), 336–347. https://doi.org/10.1016/j. 
canep.2012.12.011. 

Metayer, C., Colt, J.S., Buffler, P.A., et al., 2013b. Occupational exposure to 
pentachlorophenol causing lymphoma and hematopoietic malignancy for two 
generations. Research Support. N.I.H., Extramural Research Support, N.I.H., 
Intramural. J Expo Sci Environ Epidemiol. 23 (4), 363–370, 10.1038/jes.2012.115. 
Epub 2013 Jan 16.  

Metayer, C., Dahl, G., Wiemels, J., Miller, M., 2016. Childhood leukemia: a preventable 
disease. Pediatrics. Nov 138 (Suppl. 1), S45–S55. https://doi.org/10.1542/ 
peds.2015-4268H. 

Miligi, L., Benvenuti, A., Mattioli, S., et al., 2013. Risk of childhood leukaemia and non- 
Hodgkin’s lymphoma after parental occupational exposure to solvents and other 
agents: the SETIL Study. Occup Environ Med. Sep 70 (9), 648–655. https://doi.org/ 
10.1136/oemed-2012-100951. 

Monge, P., Wesseling, C., Engel, L.S., et al., 2004. An icon-based interview for the 
assessment of occupational pesticide exposure in a case-control study of childhood 
leukemia. Int J Occup Environ Health. Jan-Mar 10 (1), 72–78. https://doi.org/ 
10.1179/oeh.2004.10.1.72. 

Monge, P., Wesseling, C., Guardado, J., et al., 2007. Paternal occupational exposure to 
pesticides or herbicides as risk factors for cancer in children and young adults: a 
case-control study from the North of England. Research Support. N.I.H., Extramural 
Research Support, N.I.H., Intramural Research Support, Non-U.S. Gov’t. Scand J 
Work Environ Health 33 (4), 293–303. https://doi.org/10.5271/sjweh.1146. 

Mulder, Y.M., Drijver, M., Kreis, I.A., 1993. [Case control study of the relationship 
between local environmental factors and hematopoietic malignancies in young 
subjects in Aalsmeer]. Ned Tijdschr Geneeskd. Mar 27 137 (13), 663–667 (Patient- 
controle-onderzoek naar het verband tussen lokale milieufactoren en 
hematopoetische maligniteiten bij jongeren in Aalsmeer).  

Mulder, Y.M., Drijver, M., Kreis, I.A., Apr 1994. Case-control study on the association 
between a cluster of childhood haematopoietic malignancies and local 
environmental factors in Aalsmeer, The Netherlands. J. Epidemiol. Community 
Health 48 (2), 161–165. https://doi.org/10.1136/jech.48.2.161. 

Noone, M., Howlader, N., Krapcho, M., et al., 1975-2015. SEER Cancer Statistics Review. 
National Cancer Institute, Bethesda, MD based on November 2017 SEER data 
submission, posted to the SEER web site, April 2018. 2018. https://seer.cancer. 
gov/csr/1975_2015/.  

Noone, A.M., Cronin, K.A., Altekruse, S.F., et al., Apr 2017. Cancer incidence and 
survival trends by subtype using data from the surveillance epidemiology and end 
results Program. 1992-2013. Cancer Epidemiol Biomarkers Prev 26 (4), 632–641. 
https://doi.org/10.1158/1055-9965.EPI-16-0520. 

Ohlander, J., Fuhrimann, S., Basinas, I., et al., 2020. Systematic review of methods used 
to assess exposure to pesticides in occupational epidemiology studies, 1993-2017. 
Occup Environ Med. Jun 77 (6), 357–367. https://doi.org/10.1136/oemed-2019- 
105880. 

EFSA Panel on Plant Protection Products and their residues (PPR), Colin Ockleford, 
Paulien Adriaanse, et al. Investigation into experimental toxicological properties of 
plant protection products having a potential link to Parkinson’s disease and 
childhood leukaemia. EFSA J 15 (3), 2017, e04691. https://doi.org/10.2903/j. 
efsa.2017.4691. 

Park, A.S., Ritz, B., Yu, F., Cockburn, M., Heck, J.E., May 2020. Prenatal pesticide 
exposure and childhood leukemia - a California statewide case-control study. Int. J. 
Hyg Environ. Health 226, 113486. https://doi.org/10.1016/j.ijheh.2020.113486. 

Patel, D.M., Jones, R.R., Booth, B.J., et al., 15 2020. Parental occupational exposure to 
pesticides, animals and organic dust and risk of childhood leukemia and central 
nervous system tumors: findings from the International Childhood Cancer Cohort 
Consortium (I4C). Int J Cancer. Feb 146 (4), 943–952. https://doi.org/10.1002/ 
ijc.32388. 

Patel, D.M., Gyldenkaerne, S., Jones, R.R., et al., 2020b. Residential proximity to 
agriculture and risk of childhood leukemia and central nervous system tumors in the 
Danish national birth cohort. Environ Int. Oct 143, 105955. https://doi.org/10.1016/ 
j.envint.2020.105955. 

Pelkonen, O., Terron, A., Hernandez, A.F., et al., 2017. Chemical exposure and infant 
leukaemia: development of an adverse outcome pathway (AOP) for aetiology and 
risk assessment research. Arch Toxicol. Aug 91 (8), 2763–2780. https://doi.org/ 
10.1007/s00204-017-1986-x. 

Perez-Perez, Y., El-Tantawy, A.A., Solis, M.T., Risueno, M.C., Testillano, P.S., 2019. 
Stress-induced microspore embryogenesis requires endogenous auxin synthesis and 
polar transport in barley. Front. Plant Sci. 10, 1200. https://doi.org/10.3389/ 
fpls.2019.01200. 

Petridou, E., 2001. Maternal pesticide exposure and childhood leukemia. Comment 
Editorial Review. Epidemiology 12 (1), 4–6. https://doi.org/10.1097/00001648- 
200101000-00002. 

Rau, A.T., Coutinho, A., Avabratha, K.S., Rau, A.R., Warrier, R.P., 2012. Pesticide 
(endosulfan) levels in the bone marrow of children with hematological malignancies. 
Indian Pediatr. Feb 49 (2), 113–117. https://doi.org/10.1007/s13312-012-0025-5. 

Reynolds, P., Von Behren, J., Gunier, R.B., Goldberg, D.E., Hertz, A., Harnly, M.E., 2002. 
Childhood cancer and agricultural pesticide use: an ecologic study in California. 
Environ. Health Prev. Med. 110 (3), 319–324. https://doi.org/10.1289/ 
ehp.02110319. 

Reynolds, P., Von Behren, J., Gunier, R., Goldberg, D.E., Hertz, A., 2005a. Agricultural 
pesticides and lymphoproliferative childhood cancer in California. Scand. J. Work. 
Environ. Health 31 (Suppl. 1), 46–54 discussion 5-7.  

Reynolds, P., Von Behren, J., Gunier, R.B., Goldberg, D.E., Harnly, M., Hertz, A., 2005b. 
Agricultural pesticide use and childhood cancer in California. Epidemiology. Jan 16 
(1), 93–100. https://doi.org/10.1097/01.ede.0000147119.32704.5c. 

Rodvall, Y., Dich, J., Wiklund, K., Oct 2003. Cancer risk in offspring of male pesticide 
applicators in agriculture in Sweden. Occup. Environ. Med. 60 (10), 798–801. 
https://doi.org/10.1136/oem.60.10.798. 

Ross, J.A., Potter, J.D., Reaman, G.H., Pendergrass, T.W., Robison, L.L., 1996. Maternal 
exposure to potential inhibitors of DNA topoisomerase II and infant leukemia 
(United States): a report from the Children’s Cancer Group. Cancer Causes Control. 
Nov 7 (6), 581–590. https://doi.org/10.1007/bf00051700. 

Rudant, J., Menegaux, F., Leverger, G., et al., Dec 2007. Household exposure to 
pesticides and risk of childhood hematopoietic malignancies: the ESCALE study 
(SFCE). Environ. Health Perspect. 115 (12), 1787–1793. https://doi.org/10.1289/ 
ehp.10596. 

Rull, R.P., Gunier, R., Von Behren, J., et al., 2009a. Residential exposure to 
polychlorinated biphenyls and organochlorine pesticides and risk of childhood 
leukemia. Research Support, N.I.H., Extramural. Environ. Res. 109 (7), 891–899. 
https://doi.org/10.1016/j.envres.2009.07.014. Epub 2009 Aug 22.  

Rull, R.P., Gunier, R., Von Behren, J., et al., 2009b. Residential proximity to agricultural 
pesticide applications and childhood acute lymphoblastic leukemia. Environ Res. Oct 
109 (7), 891–899. https://doi.org/10.1016/j.envres.2009.07.014. 

Safi, J.M., 2002. Association between chronic exposure to pesticides and recorded cases 
of human malignancy in Gaza Governorates (1990-1999). Sci Total Environ. Feb 4 
284 (1–3), 75–84. https://doi.org/10.1016/s0048-9697(01)00868-3. 

Sanjuan-Pla, A., Bueno, C., Prieto, C., et al., Dec 17 2015. Revisiting the biology of infant 
t(4;11)/MLL-AF4+ B-cell acute lymphoblastic leukemia. Blood 126 (25), 
2676–2685. https://doi.org/10.1182/blood-2015-09-667378. 

Schreinemachers, D.M., Creason, J.P., Garry, V.F., 1999. Cancer mortality in agricultural 
regions of Minnesota. Environ. Health Prev. Med. 107 (3), 205–211. https://doi.org/ 
10.1289/ehp.99107205. 

Schuz, J., Spector, L.G., Ross, J.A., Oct 1 2003. Bias in studies of parental self-reported 
occupational exposure and childhood cancer. Am. J. Epidemiol. 158 (7), 710–716. 
https://doi.org/10.1093/aje/kwg192. 

Schwaller, J., 2019. Novel insights into the role of aberrantly expressed MNX1 (HLXB9) 
in infant acute myeloid leukemia. Haematologica. Jan 104 (1), 1–3. https://doi.org/ 
10.3324/haematol.2018.205971. 

Schwartzbaum, J.A., George, S.L., Pratt, C.B., Davis, B., 1991. An exploratory study of 
environmental and medical factors potentially related to childhood cancer. Med. 
Pediatr. Oncol. 19 (2), 115–121. https://doi.org/10.1002/mpo.2950190209. 

Sheets, L.P., 2000. A consideration of age-dependent differences in susceptibility to 
organophosphorus and pyrethroid insecticides. Neurotoxicology. Feb-Apr 21 (1–2), 
57–63. 

Shutoh, Y., Takeda, M., Ohtsuka, R., et al., 2009. Low dose effects of 
dichlorodiphenyltrichloroethane (DDT) on gene transcription and DNA methylation 
in the hypothalamus of young male rats: implication of hormesis-like effects. J 
Toxicol Sci. Oct 34 (5), 469–482. https://doi.org/10.2131/jts.34.469. 

Soldin, O.P., Nsouli-Maktabi, H., Genkinger, J.M., et al., 2009. Pediatric acute 
lymphoblastic leukemia and exposure to pesticides. Ther Drug Monit. Aug 31 (4), 
495–501. https://doi.org/10.1097/FTD.0b013e3181aae982. 

Swaminathan, S., Klemm, L., Park, E., et al., 2015. Mechanisms of clonal evolution in 
childhood acute lymphoblastic leukemia. Nat Immunol. Jul 16 (7), 766–774. https:// 
doi.org/10.1038/ni.3160. 

Thorpe, N., Shirmohammadi, A., 2005. Herbicides and nitrates in groundwater of 
Maryland and childhood cancers: a geographic information systems approach. 
J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 23 (2), 261–278. 
https://doi.org/10.1080/10590500500235001. 

Tikellis, G., Dwyer, T., Paltiel, O., et al., 2018. The International Childhood Cancer 
Cohort Consortium (I4C): a research platform of prospective cohorts for studying the 
aetiology of childhood cancers. Paediatr Perinat Epidemiol. Nov 32 (6), 568–583. 
https://doi.org/10.1111/ppe.12519. 

M.A. Karalexi et al.                                                                                                                                                                                                                            

https://doi.org/10.1258/ebm.2009.009184
https://doi.org/10.1258/ebm.2009.009184
https://doi.org/10.1136/oemed-2019-106267
https://doi.org/10.1136/oemed-2019-106267
https://doi.org/10.1289/ehp.02110955
https://doi.org/10.1615/jenvironpatholtoxicoloncol.v24.i4.10
https://doi.org/10.1615/jenvironpatholtoxicoloncol.v24.i4.10
https://doi.org/10.2147/CLEP.S43118
https://doi.org/10.1136/oem.60.12.901
https://doi.org/10.1136/oem.60.12.901
https://doi.org/10.1093/oxfordjournals.aje.a010256
https://doi.org/10.1093/rpd/ncn266
https://doi.org/10.1093/rpd/ncn266
https://doi.org/10.1016/j.canep.2012.12.011
https://doi.org/10.1016/j.canep.2012.12.011
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref78
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref78
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref78
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref78
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref78
https://doi.org/10.1542/peds.2015-4268H
https://doi.org/10.1542/peds.2015-4268H
https://doi.org/10.1136/oemed-2012-100951
https://doi.org/10.1136/oemed-2012-100951
https://doi.org/10.1179/oeh.2004.10.1.72
https://doi.org/10.1179/oeh.2004.10.1.72
https://doi.org/10.5271/sjweh.1146
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref83
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref83
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref83
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref83
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref83
https://doi.org/10.1136/jech.48.2.161
https://seer.cancer.gov/csr/1975_2015/
https://seer.cancer.gov/csr/1975_2015/
https://doi.org/10.1158/1055-9965.EPI-16-0520
https://doi.org/10.1136/oemed-2019-105880
https://doi.org/10.1136/oemed-2019-105880
https://doi.org/10.2903/j.efsa.2017.4691
https://doi.org/10.2903/j.efsa.2017.4691
https://doi.org/10.1016/j.ijheh.2020.113486
https://doi.org/10.1002/ijc.32388
https://doi.org/10.1002/ijc.32388
https://doi.org/10.1016/j.envint.2020.105955
https://doi.org/10.1016/j.envint.2020.105955
https://doi.org/10.1007/s00204-017-1986-x
https://doi.org/10.1007/s00204-017-1986-x
https://doi.org/10.3389/fpls.2019.01200
https://doi.org/10.3389/fpls.2019.01200
https://doi.org/10.1097/00001648-200101000-00002
https://doi.org/10.1097/00001648-200101000-00002
https://doi.org/10.1007/s13312-012-0025-5
https://doi.org/10.1289/ehp.02110319
https://doi.org/10.1289/ehp.02110319
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref99
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref99
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref99
https://doi.org/10.1097/01.ede.0000147119.32704.5c
https://doi.org/10.1136/oem.60.10.798
https://doi.org/10.1007/bf00051700
https://doi.org/10.1289/ehp.10596
https://doi.org/10.1289/ehp.10596
https://doi.org/10.1016/j.envres.2009.07.014
https://doi.org/10.1016/j.envres.2009.07.014
https://doi.org/10.1016/s0048-9697(01)00868-3
https://doi.org/10.1182/blood-2015-09-667378
https://doi.org/10.1289/ehp.99107205
https://doi.org/10.1289/ehp.99107205
https://doi.org/10.1093/aje/kwg192
https://doi.org/10.3324/haematol.2018.205971
https://doi.org/10.3324/haematol.2018.205971
https://doi.org/10.1002/mpo.2950190209
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref113
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref113
http://refhub.elsevier.com/S0269-7491(21)00958-1/sref113
https://doi.org/10.2131/jts.34.469
https://doi.org/10.1097/FTD.0b013e3181aae982
https://doi.org/10.1038/ni.3160
https://doi.org/10.1038/ni.3160
https://doi.org/10.1080/10590500500235001
https://doi.org/10.1111/ppe.12519


Environmental Pollution 285 (2021) 117376

12

Turner, M.C., Wigle, D.T., Krewski, D., 2010. Residential pesticides and childhood 
leukemia: a systematic review and meta-analysis. Environ Health Perspect. Jan 118 
(1), 33–41. https://doi.org/10.1289/ehp.0900966. 

Urayama, K.Y., Wiencke, J.K., Buffler, P.A., Chokkalingam, A.P., Metayer, C., Wiemels, J. 
L., 2007. MDR1 gene variants, indoor insecticide exposure, and the risk of childhood 
acute lymphoblastic leukemia. Cancer Epidemiol Biomarkers Prev. Jun 16 (6), 
1172–1177. https://doi.org/10.1158/1055-9965.EPI-07-0007. 

Valcke, M., Chaverri, F., Monge, P., et al., 2005. Pesticide prioritization for a case-control 
study on childhood leukemia in Costa Rica: a simple stepwise approach. Environ Res. 
Mar 97 (3), 335–347. https://doi.org/10.1016/j.envres.2004.05.011. 

Van Maele-Fabry, G., Lantin, A.C., Hoet, P., Lison, D., Jun 2010. Childhood leukaemia 
and parental occupational exposure to pesticides: a systematic review and meta- 
analysis. Cancer Causes Control 21 (6), 787–809. https://doi.org/10.1007/s10552- 
010-9516-7. 

Van Maele-Fabry, G., Lantin, A.C., Hoet, P., Lison, D., 2011. Residential exposure to 
pesticides and childhood leukaemia: a systematic review and meta-analysis. Environ 
Int. Jan 37 (1), 280–291. https://doi.org/10.1016/j.envint.2010.08.016. 

Van Maele-Fabry, G., Gamet-Payrastre, L., Lison, D., 2019. Household exposure to 
pesticides and risk of leukemia in children and adolescents: updated systematic 
review and meta-analysis. Int J Hyg Environ Health. Jan 222 (1), 49–67. https://doi. 
org/10.1016/j.ijheh.2018.08.004. 

Viswanathan, M., Berkman, N.D., 2012. Development of the RTI item bank on risk of bias 
and precision of observational studies. J Clin Epidemiol. Feb 65 (2), 163–178. https:// 
doi.org/10.1016/j.jclinepi.2011.05.008. 

Ward, M.H., Colt, J.S., Metayer, C., et al., 2009. Pediatric acute lymphoblastic leukemia 
and exposure to pesticides. Research Support, N.I.H., Extramural Research Support, 
N.I.H., Intramural. Environ Health Perspect. Aug 117 (6), 1007–1013. https://doi.org/ 
10.1289/ehp.0900583. 

Welch, V., Petticrew, M., Petkovic, J., et al., 2016. Extending the PRISMA statement to 
equity-focused systematic reviews (PRISMA-E 2012): explanation and elaboration. J 
Clin Epidemiol. Feb 70, 68–89. https://doi.org/10.1016/j.jclinepi.2015.09.001. 

Wiemels, J., 2012. Perspectives on the causes of childhood leukemia. Chem Biol Interact. 
Apr 5 196 (3), 59–67. https://doi.org/10.1016/j.cbi.2012.01.007. 

Wigle, D.T., Turner, M.C., Krewski, D., 2009. A systematic review and meta-analysis of 
childhood leukemia and parental occupational pesticide exposure. Environ Health 
Perspect. Oct 117 (10), 1505–1513. https://doi.org/10.1289/ehp.0900582. 

Wu, L., Zhou, Y.P., Zhong, H.J., 2003. [A case-control study on the risk factors of 
leukemia in mining areas of rare-earth in South Jiangxi]. Zhonghua Liu Xing Bing 
Xue Za Zhi. Oct 24 (10), 879–882. 

Wu, H.C., Cohn, B.A., Cirillo, P.M., Santella, R.M., Terry, M.B., 2019. DDT exposure 
during pregnancy and DNA methylation alterations in female offspring in the Child 
Health and Development Study. Reprod. Toxicol. https://doi.org/10.1016/j. 
reprotox.2019.02.010. Feb 26.  

Zahm, S.H., 1999. Childhood leukemia and pesticides. Epidemiology. Sep 10 (5), 
473–475. https://doi.org/10.1097/00001648-199909000-00002. 

Zhang, Y., Gao, Y., Shi, R., et al., 2015. Household pesticide exposure and the risk of 
childhood acute leukemia in Shanghai, China. Research Support, Non-U.S. Gov’t. 
Environ Sci Pollut Res Int. Aug 22 (15), 11755–11763. https://doi.org/10.1007/ 
s11356-015-4362-5. Epub 2015 Apr 10.  

Further reading1 

Buckley, J.D., Robison, L.L., Swotinsky, R., et al., 1989. Specific chromosome changes 
and nonoccupational exposure to potentially carcinogenic agents in acute leukemia 
in China. Research Support, Non-U.S. Gov’t Research Support, U.S. Gov’t, P.H.S. 
Cancer Res. Jul 15 49 (14), 4030–4037. 

Carozza, S.E., Li, B., Wang, Q., Horel, S., Cooper, S., 2009. Population-based research on 
occupational and environmental factors for leukemia and non-Hodgkin’s lymphoma: 
the Northern Germany Leukemia and Lymphoma Study (NLL). Research Support, N. 
I.H., Extramural. Int. J. Hyg Environ. Health 212 (2), 186–195. https://doi.org/ 
10.1016/j.ijheh.2008.06.002. 

Castro-Jimenez, M.A., Orozco-Vargas, L.C., 2011. Parental exposure to carcinogens and 
risk for childhood acute lymphoblastic leukemia, Colombia. 2000-2005. Prev Chronic 
Dis. Sep 8 (5), A106. 

Ding, G., Shi, R., Gao, Y., et al., Dec 18 2012. Pyrethroid pesticide exposure and risk of 
childhood acute lymphocytic leukemia in Shanghai. Environ. Sci. Technol. 46 (24), 
13480–13487. https://doi.org/10.1021/es303362a. 

Fajardo-Gutierrez, A., Garduno-Espinosa, J., Yamamoto-Kimura, L., et al., 1993. [Case 
control study of the relationship between local environmental factors and 
hematopoietic malignancies in young subjects in Aalsmeer]. Bol. Med. Hosp. Infant. 
Mex. 50 (4), 248–257. 

Ferri, G.M., Guastadisegno, C.M., Intranuovo, G., et al., 2018. Maternal exposure to 
pesticides, paternal occupation in the army/police force, and CYP2D6 4 
polymorphism in the etiology of childhood acute leukemia. Research support, non-U. 
S. Gov’t. J Pediatr Hematol Oncol. May 40 (4), e207–e214. https://doi.org/10.1097/ 
MPH.0000000000001105. 

Gomez-Barroso, D., Garcia-Perez, J., Lopez-Abente, G., et al., May 31 2016. Agricultural 
crop exposure and risk of childhood cancer: new findings from a case-control study 

in Spain. Int. J. Health Geogr. 15 (1), 18. https://doi.org/10.1186/s12942-016- 
0047-7. 

Gunier, R.B., Kang, A., Hammond, S.K., et al., 2017. A task-based assessment of parental 
occupational exposure to pesticides and childhood acute lymphoblastic leukemia. 
Research Support, N.I.H., Extramural. Environ Res. Jul 156, 57–62. https://doi.org/ 
10.1016/j.envres.2017.03.001. Epub 2017.  

Heacock, H., Hertzman, C., Demers, P.A., et al., 2000. Preconceptional paternal exposure 
to pesticides and increased risk of childhood leukaemia. Research Support, Non-U.S. 
Gov’t. Environ. Health Perspect. 108 (6), 499–503. https://doi.org/10.1289/ 
ehp.00108499. 

Hernandez-Morales, A.L., Zonana-Nacach, A., Zaragoza-Sandoval, V.M., 2009a. 
Childhood leukaemia and parental occupational exposure to pesticides: a systematic 
review and meta-analysis. Rev. Med. Inst. Mex. Seguro Soc. 47 (5), 497–503. 

Hyland, C., Gunier, R.B., Metayer, C., Bates, M.N., Wesseling, C., Mora, A.M., Sep 15 
2018. Maternal residential pesticide use and risk of childhood leukemia in Costa 
Rica. Research Support, Non-U.S. Gov’t. Int. J. Canc. 143 (6), 1295–1304. https:// 
doi.org/10.1002/ijc.31522. Epub 2018 Apr 26.  

Infante-Rivard, C., Labuda, D., Krajinovic, M., Sinnett, D., 1999. Childhood leukemia and 
pesticides. Research Support, Non-U.S. Gov’t. Epidemiology. Sep 10 (5), 481–487. 

Leiss, J.K., Savitz, D.A., 1995. Home pesticide use and childhood cancer: a case-control 
study. Am J Public Health. Feb 85 (2), 249–252. https://doi.org/10.2105/ 
ajph.85.2.249. 

Lowengart, R.A., Peters, J.M., Cicioni, C., et al., 1987. Childhood leukemia and parents’ 
occupational and home exposures. J Natl Cancer Inst. Jul 79 (1), 39–46. 

Malagoli, C., Costanzini, S., Heck, J.E., et al., 2016. Passive exposure to agricultural 
pesticides and risk of childhood leukemia in an Italian community. Research 
Support, N.I.H., Extramural Research Support, Non-U.S. Gov’t. Int J Hyg Environ 
Health. Nov 219 (8), 742–748. https://doi.org/10.1016/j.ijheh.2016.09.015. Epub 
2016 Sep. 21.  

Maryam, Z., Sajad, A., Maral, N., et al., 2015. Relationship between exposure to 
pesticides and occurrence of acute leukemia in Iran. Asian Pac. J. Cancer Prev. 
APJCP 16 (1), 239–244. https://doi.org/10.7314/apjcp.2015.16.1.239. 

Meinert, R., Kaatsch, P., Kaletsch, U., Krummenauer, F., Miesner, A., Michaelis, J., 1996. 
Case control study on childhood leukemia in Lower Saxony, Germany. Basic 
considerations, methodology, and summary of results. Research Support, Non-U.S. 
Gov’t. Eur. J. Canc. 32A (11), 1943–1948. https://doi.org/10.1016/0959-8049(96) 
00231-6. 

Menegaux, F., Baruchel, A., Bertrand, Y., et al., 2006. Mortality and cancer incidence 
among children and adolescents in Hawaii 20 years after a heptachlor contamination 
episode. Research Support, Non-U.S. Gov’t. Occup Environ Med. Feb 63 (2), 131–134. 
https://doi.org/10.1136/oem.2005.023036. 

Pombo-de-Oliveira, M.S., Koifman, S., Dec 2006. Brazilian Collaborative Study Group of 
Infant Acute L. Infant acute leukemia and maternal exposures during pregnancy. 
Cancer Epidemiol. Biomark. Prev. 15 (12), 2336–2341. https://doi.org/10.1158/ 
1055-9965.EPI-06-0031. 

Rudant, J., Orsi, L., Bonaventure, A., et al., 2015. ARID5B, IKZF1 and non-genetic factors 
in the etiology of childhood acute lymphoblastic leukemia: the ESCALE study. 
Research Support, Non-U.S. Gov’t. PLoS One. Mar 25 10 (3), e0121348, 10.1371/ 
journal.pone.0121348. eCollection 2015.  

Shu, X.O., Gao, Y.T., Brinton, L.A., et al., 1988. A population-based case-control study of 
childhood leukemia in Shanghai. Cancer. Aug 1 62 (3). https://doi.org/10.1002/ 
1097-0142(19880801)62:3<635::aid-cncr2820620332>3.0.co;2-3, 635-44.  

Slater, M.E., Linabery, A.M., Spector, L.G., et al., Aug 2011. Maternal exposure to 
household chemicals and risk of infant leukemia: a report from the Children’s 
Oncology Group. Cancer Causes Control 22 (8), 1197–1204. https://doi.org/ 
10.1007/s10552-011-9798-4. 

Spix, C., Schulze-Rath, R., Kaatsch, P., Blettner, M., 2009. A case-only study of 
interactions between metabolic enzyme polymorphisms and industrial pollution in 
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